Background: Human herpesvirus-6 (HHV-6), a ubiquitous ␤-herpesvirus, is the causative agent of roseola infantum and has been associated with a number of neurologic disorders including seizures, encephalitis/meningitis, and multiple sclerosis. Although the role of HHV-6 in human CNS disease remains to be fully defined, a number of studies have suggested that the CNS can be a site for persistent HHV-6 infection. Objective: To characterize the extent and distribution of HHV-6 in human glial cells from surgical brain resections of patients with mesial temporal lobe epilepsy (MTLE). Method: Brain samples from eight patients with MTLE and seven patients with neocortical epilepsy (NE) undergoing surgical resection were quantitatively analyzed for the presence of HHV-6 DNA using a virus-specific real-time PCR assay. HHV-6 expression was also characterized by western blot analysis and in situ immunohistochemistry (IHC). In addition, HHV-6-reactive cells were analyzed for expression of glial fibrillary acidic protein (GFAP) by double immunofluorescence. Results: DNA obtained from four of eight patients with MTLE had significantly elevated levels of HHV-6 as quantified by real-time PCR. HHV-6 was not amplified in any of the seven patients with NE undergoing surgery. The highest levels of HHV-6 were demonstrated in hippocampal sections (up to 23,079 copies/10 6 cells) and subtyped as HHV-6B. Expression of HHV-6 was confirmed by western blot analysis and IHC. HHV-6 was co-localized to GFAP-positive cells that morphologically appeared to be astrocytes. Conclusions: HHV-6B is present in brain specimens from a subset of patients with MTLE and localized to astrocytes in the absence of inflammation. The amplification of HHV-6 from hippocampal and temporal lobe astrocytes of MTLE warrants further investigation into the possible role of HHV-6 in the development of MTLE.
occur in immunosuppressed patients such as bone marrow transplant recipients. 9 Two HHV-6 variants have been characterized with respect to their antigenic and genomic composition. 10 HHV-6B is primarily associated with most symptomatic infections during infancy, 11 whereas HHV-6A has been suggested to be more neurotropic and is associated with viral persistence and reactivation in the CNS. 12 HHV-6 variant A has also been detected more frequently in multiple sclerosis patient samples compared with variant B. 13 However, HHV-6B has also been shown to have neurotropic potential 4, 14 and has recently been associated with limbic encephalitis. 15 Although the role of HHV-6 in human CNS disease remains to be fully defined, a number of studies have suggested that the CNS can be a site for persistent HHV-6 infection. 16, 17 Autopsy material from a wide variety of normal 18 and diseased 19, 20 brains has documented HHV-6 infection in the CNS, although its role as a causative agent is unclear. Cell types reported to be infected include oligodendrocytes, astrocytes, and possibly neurons. 21, 22 In limbic encephalitis, HHV-6 DNA was detected in the CSF, and astrocytes were shown to be the most represented cell type harboring HHV-6B in the hippocampus. 15 This localization is consistent with the report of HHV-6 hippocampal encephalitis after bone marrow transplantation 23 and of hippocampal injury in patients with prolonged focal febrile seizures, 24 ,25 a frequent complication of a primary HHV-6 infection.
In an attempt to characterize further the extent and distribution of HHV-6 in human glial cells, brain tissues from surgical specimens were processed to establish cultures of primary astrocytes and oligodendrocytes to be used for in vitro virologic examinations. Brain resections are a therapy for pharmacologically untreatable seizures, 26 and specimens from patients with mesial temporal lobe epilepsy (MTLE) and neocortical epilepsy (NE) were collected for analysis.
Methods.
Patients. Fifteen patients with epilepsy intractable to medical management were enrolled in the clinical research protocol "Research Study of Specimens Obtained During Epilepsy Surgery" (National Institute of Neurological Disorders and Stroke 02-N-0014) after being evaluated at the NIH and at the Children's National Medical Center, Washington, DC, for surgical treatment. The Institutional Review Board of the National Institute of Neurological Disorders and Stroke approved the research protocol. Evaluation before surgery included ictal video EEG monitoring, MRI, and PET. Informed consent was obtained from the 10 adult patients who had surgery at NIH and from the parents of the five children who had surgery at the Children's National Medical Center (table). No patient had any history or clinical features suggestive of an inflammatory disorder. For 12 of these patients, a paired blood sample taken at the time of surgery was available for analysis. Peripheral blood mononuclear cells (PBMC) from 23 ageand sex-matched normal blood donors were used as controls.
Pathologic evaluation of epilepsy brain tissue. Numerous samples from hippocampus and lateral temporal lobe tissue from MTLE patients were fixed in formalin and processed for neuropathology evaluation. All patients with MTLE showed variable degrees of neuronal loss and gliosis preferentially affecting the CA1 and CA3 areas, but also markedly affecting CA4, CA2, and the dentate gyrus in more severe cases. There was no evidence of inflammation or neuronal inclusions in any case of MTLE.
DNA extraction from blood and brain tissue samples. Whole blood from patients and normal donors was collected in acid citrate dextrose (solution A) tubes (BD Vacutainer, Franklin Lakes, NJ), and PBMC were isolated on Ficoll (BioWhittaker, Walkersville, MD) gradients. Brain tissue samples obtained during surgery were collected in sterile containers for pathology examinations. Selected tissue samples were placed in Hybernate A medium (BrainBits, Springfield, IL) containing B27 supplement (Gibco Invitrogen Corp., Grand Island, NY) and penicillin-streptomycin (BioWhittaker) on ice for immediate processing. Samples were first washed three times in Hybernate A medium. Meninges and blood vessels were removed, and the tissue was finely minced into cubes of Ͻ2 mm 3 with a scalpel. Cellular DNA was extracted using the QIAamp DNAeasy blood kit for PBMC and DNAeasy tissue kit for brain samples (Qiagen, Valencia, CA) according to the manufacturer's instructions, with an overnight incubation with proteinase K in the case of brain samples. All DNA extractions and the subsequent real-time PCR were performed in separate hoods using separate sets of pipettes.
Quantitative real-time PCR. DNA from triplicate samples and controls was tested in parallel for gene sequences homologous to the immediate early (IE) regions of HHV-6A and HHV-6B as described. 27 Controls were DNA samples extracted from cultured SupT-1 cells uninfected or infected with HHV-7 and SupT-1 cells infected with HHV-6A (strains GS or U1102) or HHV-6B (strain Z29). 28 The DNA concentration for each sample was adjusted to 10 ng/L in diethylpyrocarbonate-treated water, and 100 ng, corresponding to 10 L of each diluted sample or control, was added in triplicate to a 96-well TaqMan plate (ABI, Weiterstadt, Germany).
Results were plotted and sorted using the Sequence Detector System program (PerkinElmer, Wellesley, MA). With use of a known concentration of variant-specific HHV-6 plasmids, a standard curve was generated, from which a lower level of sensitivity was determined to be 10 viral DNA copies/100 ng of DNA. To normalize results, a calibration curve using human genomic ␤-actin was incorporated in all assays. 29 Absolute viral and ␤-actin DNA copy number was assessed by averaging triplicate results. All DNA extracts were tested in separate experiments at least twice. Final viral DNA load/10 6 cells was calculated by the following formula: HHV-6 DNA copy number/(␤-actin DNA copy number/2) ϫ 10 6 ϭ copy number of HHV-6 DNA/10 6 cells. To ensure the reliability of the HHV-6 DNA results from each TaqMan reaction, a cutoff threshold of 100 viral DNA copies/10 6 cells was determined to be the lower limit of sensitivity of this assay.
Protein extraction and sodium dodecyl sulfate-polyacrylamide gel electrophoresis/western blot analysis. Protein extracts from 20 mm 3 of frozen brain tissue samples were resuspended in 100 L of 2ϫ Tris-glycine sodium dodecyl sulfate sample buffer (KD Medical, Columbia, MD) supplemented with 5% ␤-mercaptoethanol and 0.002% bromophenol blue, followed by five freeze-thaw cycles and sonication. Samples were boiled for at least 5 minutes and applied to a 10% Tris-glycine gel (Gibco Invitrogen Corp.) and electrophoresed for 50 minutes at 200 V. The gel was then transferred to a Hybond ECL nitrocellulose membrane (Amersham Pharmacia Biotech, Little Chalfont, UK). Western blot analysis was performed using a hybridoma supernatant containing the HHV-6-specific monoclonal antibody anti-p41 (kindly provided by Dr. M. Handy, Advanced Biotechnologies, Columbia, MD) 30 at a dilution of 1:200. Visualization was achieved by incubation for 1 hour with a horseradish peroxidaseconjugated anti-mouse IgG antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at a 1:50,000 dilution and subsequent enhanced chemiluminescence detection (Pierce Biotechnology, Rockford, IL).
In situ immunohistochemistry. In situ immunohistochemistry (IHC) was performed on formalin-fixed paraffin-embedded brain sections following standard methods. 19 In brief, after hydration and rinsing, slides were blocked in a 10% horse serum (Gibco Invitrogen Corp.)/phosphate-buffered saline (PBS) solution and then incubated overnight at 4°C with a 2% horse serum/PBS solution containing anti-HHV-6 gp116/54/64 mouse monoclonal antibody that reacts with both HHV-6A and B variants (1:50) (Advanced Biotechnologies). 31 IHC reactivity was detected using a DAKO LSAB 2 System (DAKO Corp., Carpinteria, CA) following the manufacturer's instructions with a 10-minute counterstain in Mayer's hematoxylin (Fluka Chemie, Steinheim, Germany). Slides were observed under a microscope (Carl Zeiss Microimaging, Thornwood, NY) at 40ϫ or 32ϫ.
Double-immunofluorescence assay for glial fibrillary acidic protein and HHV-6 gp116/54/64. After rehydrating and blocking as above, formalin-fixed paraffin-embedded brain tissue slides were incubated overnight at 4°C with a 2% horse serum/PBS solution containing rabbit anti-glial fibrillary acidic protein (anti-GFAP) (DAKO Corp.; 1:100) and mouse anti-HHV-6 gp116/54/64 monoclonal antibodies (1:50). After washing three times with PBS, a solution containing the secondary antibodies was added. The secondary antibodies were fluorescein isothiocyanate (FITC)-conjugated anti-rabbit IgG (DAKO Corp.; 1:100) and Alexa fluorconjugated anti-mouse IgG2b (Molecular Probes, Eugene, OR; 1:200) for the detection of HHV-6 gp116/54/64 and GFAP-reactive astrocytes. Slides were incubated for an additional hour at room temperature and rinsed three times with PBS. After mounting with 4,6-diamidino-2-phenylindole (DAPI) mounting medium (Vector Laboratories, Burlingame, CA), samples were examined with a fluorescent microscope (Carl Zeiss Microimaging) at 20ϫ and 40ϫ with exposures of 100 milliseconds for the DAPI filter, 400 milliseconds for the FITC filter, and 500 milliseconds for the rhodamine filter. Slides with HHV-6-infected and -uninfected SupT-1 cell lines and astrocytic line U251 were used as controls. Single staining with each of the two primary antibodies was also applied on slides as a control.
Results. Quantitative detection of HHV-6 DNA in PBMC and fresh brain tissue samples. Initially, DNA from PBMC of 23 normal donors was examined for the amount of HHV-6B IE gene sequences. As shown in figure 1, levels of HHV-6 in PBMC were below the level of sensitivity of this assay (100 copies/10 6 cells) and consistent with reports demonstrating low frequency of HHV-6 DNA in PBMC, often only detectable with nested PCR amplification. 32 By contrast, brain tissue from four of eight patients with MTLE (see the table) had elevated levels of HHV-6 (see figure 1 ). Higher levels of HHV-6 were detected in hippocampal samples relative to lateral temporal lobe material obtained from the same patient with values as high as 23,079 copies/10 6 cells in the hippocampus of MTLE Patient 2. None of the brain specimens from seven patients with NE (see the table) had amplifiable HHV-6 IE sequences. Sufficient brain material was available from five MTLE patients and four NE patients from which specificity analysis demonstrated no amplification with the HHV-6A primer sets. The difference in frequency of HHV-6B DNA detection between MTLE and NE patients was statistically significant ( 2 , p ϭ 0.0289). When available, PBMC from patients with and without MTLE were tested for HHV-6 DNA and, similar to healthy normal controls, were below the limits of detection of this assay (see figure 1 ). Western blot analysis for HHV-6 protein in MTLE brain tissue extracts. To characterize further the presence of HHV-6B antigen in brain samples from patients with MTLE, sufficient frozen material was available from both hippocampus and lateral temporal lobe of Patient 2 to analyze by western blot using a monoclonal antibody specific for the HHV-6 p41 antigen. 30 As illustrated in figure 2 , protein extracts of the MTLE hippocampal sample specifically reacted with the anti-HHV-6 p41 antibody in a dosedependent manner. The reactive band from hippocampal samples was slightly higher than expected, having a molecular mass between 45 and 50 kd. Possible explanations for the higher molecular mass observed include glycosylation or posttranslational modifications of the protein within CNS. No reactivity was observed in protein extracts from the lateral temporal lobe. Protein extracts from the lateral temporal lobe of Patient 3, with no detectable HHV-6 DNA (see figure 1 ), were also negative for anti-HHV-6 p41 reactivity by western blot (data not shown). These results are consistent with the detection of significantly higher HHV-6B viral DNA loads in the hippocampus of MTLE Patient 2 (see figure 1 ).
Immunohistochemical detection of HHV-6 gp116/54/64 antigen from formalin-fixed paraffin-embedded MTLE brain tissue. To support the observations of increased HHV-6B DNA viral loads and detection of HHV-6 viral antigens by western blot from frozen MTLE brain material, formalin-fixed paraffin-embedded tissue was analyzed for the expression and localization of HHV-6 by immunohistochemistry with an HHV-6-specific monoclonal antibody to the gp116/54/64 protein, a late viral protein present in both HHV-6 variants. 31 Samples from MTLE Patient 2 with the highest levels of HHV-6 DNA (see figure  1) , MTLE Patient 3 with the lowest detectable level, and MTLE Patient 1 with undetectable levels of HHV-6 were processed for immunohistochemistry. As shown in figure 3, significant staining for the HHV-6 gp116/54/64 antigen was observed in hippocampal and lateral temporal lobe regions of MTLE Patient 2 (see figure 3, A and B ) and the hippocampus of MTLE Patient 3 (see figure 3C ). Fresh surgical material from these same regions was positive for HHV-6 DNA sequences by PCR (see figure 1) . Consistent with the diagnosis of MTLE, no evidence of inflammation was observed in any of the samples examined. Intense brown staining was seen in cells that morphologically resemble astrocytes (see figure 3 , A through C, filled arrows), whereas a significant number of cells remained negative (open arrows), increasing confidence in the observed specificity of HHV-6 staining in MTLE PCR-positive brain samples. No HHV-6-specific staining was observed in lateral temporal lobe samples of MTLE Patient 3 or from any region of MTLE Patient 1 (see figure 3 , D through F). PCR detection of HHV-6 from fresh brain material from these areas failed to amplify HHV-6 DNA sequences (see figure  1) . Similarly, there was no HHV-6-positive staining from formalin-fixed brain material from other disease controls including oligodendroglioma, ganglion cell tumor, cavernous angioma, and glioblastoma multiforme (data not shown).
Co-localization of anti-HHV-6 gp116/54/64 and anti-GFAP reactivity in formalin-fixed paraffin-embedded MTLE brain tissue. To characterize the cell type harboring HHV-6 in the brain tissue of HHV-6-positive MTLE patients, formalin-fixed paraffin-embedded tissue sections were simultaneously stained for GFAP, an intracellular marker of astrocytes, and the HHV-6 gp116/54/64. The results are illustrated in figure 4 . As controls, the anti-GFAP monoclonal antibody specifically stained an astrocytic cell line U251 that was unreactive with the anti-HHV-6 monoclonal antibody (see figure 4 , A, green). Conversely, a HHV-6-infected T-cell line specifically reacted with the anti-HHV-6 antibody but not with anti-GFAP (see figure 4 , B, red). No co-localization of these two reagents could be demonstrated after these images were overlaid (failure to detect yellow). By contrast, analysis of lateral temporal lobe tissue from Patient 2 demonstrated some cells reactive for GFAP, with a typical star-shaped appearance highly suggestive of astrocytes (see figure 4 , C, green) and for HHV-6 gp116/54/64 (see figure 4, D, red) . The juxtaposition of the two color images obtained from the same tissue showed that HHV-6 gp116/54/64 reactivity co-localized with GFAP (see figure 4 , E, yellow). Tissue sections from MTLE Patient 1 hippocampus that was negative for HHV-6 DNA (see figure 1 ) had GFAP-positive cells that did not stain for HHV-6 gp116/54/64 (data not shown).
Discussion. DNA obtained from a subset of patients with MTLE had significantly elevated levels of HHV-6 as quantified by real-time PCR compared with other brain material from patients with NE undergoing surgery. The highest levels of HHV-6 were demonstrated in hippocampal sections and subtyped as HHV-6B. Expression of HHV-6 was con-firmed by western blot analysis and IHC. HHV-6specific antigen was co-localized to cells that were positive for GFAP and morphologically appeared to be astrocytes. Collectively, these results demonstrate that HHV-6B is present in brain specimens from some patients with MTLE and localized to astrocytes in the absence of inflammation. Additional studies of tissue from normal controls and patients without seizures will be necessary to establish the specificity of our finding.
We used a highly reliable and quantitative PCR method specific for the two variants of HHV-6. 27 Of the 15 patients analyzed in this study, HHV-6 variant B was detected in a subset of patients with MTLE and mesial temporal sclerosis (four of eight patients). In contrast, DNA from surgical material from patients with NE did not have HHV-6 viral sequences in the range of detection of this assay. Most striking was the magnitude of HHV-6 viral DNA in the MTLE samples. This is in marked contrast to the amount of HHV-6 in PBMC from all patients and control subjects that was below assay detection limits.
The significance of PCR detection of viral DNA sequences in brain tissue alone is uncertain. 33 Therefore, the unexpected finding of such high HHV-6 viral loads in MTLE patient brain resections prompted a further evaluation of this material for specific HHV-6 protein expression. Western blot analysis from the hippocampus of MTLE Patient 2 demonstrated specific anti-HHV-6 p41 reactivity in frozen brain tissue extracts taken from the same brain regions that had the highest copies of HHV-6 viral DNA. Protein extracts of the patient's lateral temporal lobe were negative. As the p41 protein of HHV-6 is an early protein of this ␤-herpesvirus and is associated with active virus replication, 30 the detection of HHV-6 protein in brain regions with high HHV-6 viral loads supports the observations that active HHV-6 virus replication may be present specifically in the hippocampus of this MTLE patient. A high proportion of patients with MTLE may have a history of complex or prolonged febrile seizures, 34 and recurrent seizures themselves may lead to hippocampal injury. [35] [36] [37] It has been suggested that an early acute neurologic injury to the hippocampus from childhood infection, ischemia, trauma, or febrile convulsions may predispose the hippocampus to progressive deterioration, permanent damage, and eventual sclerosis. [38] [39] [40] Despite its wide host cell range and ubiquity, in MTLE, HHV-6 may be tropic for the hippocampus. This observation is supported by the absence of viral DNA in the two hippocampal samples from NE patients. Although the number of NE specimens studied in the current investigation was limited, the results suggest an association of this virus with MTLE. In addition, these results are consistent with the recent qualitative demonstration of HHV-6 DNA in the brain specimens of 6 of 17 Japanese patients with temporal lobe epilepsy. 41 Formalin-fixed MTLE brain material demonstrated HHV-6 expression in astrocyte-resembling cells that were reactive for GFAP, an astrocytic marker. Again, these results are supported by the observations of HHV-6-infected astrocytes in patients with limbic encephalitis, 15 suggesting that astrocytes may be preferentially infected with HHV-6B. This finding in MTLE patients is of interest as astrocytes are known to closely interact with neurons and are critical in modulating synaptic transmission. 42, 43 It has been suggested that the astrogliosis observed in MTLE lesions might have a crucial role in the disease by releasing epileptogenic factors eventually affecting neuronal activity and survival. 44, 45 Collectively, the findings reported here suggest an association of HHV-6 in a subset of patients with MTLE. The possibility that a reactivation of HHV-6 in infected astrocytes might have a role in the development of MTLE epilepsy warrants future investigation. 
